ABSTRACT Background: Small-scale, short-term intervention studies have suggested that plasma alkylresorcinol (AR) concentrations may be biomarkers of whole grain (WG) wheat and rye intakes. Objective: The objective was to determine whether plasma AR concentrations reflect self-reported WG food intake in a 16-wk WG intervention study and to establish which phenotypic characteristics influence plasma AR concentrations. Design: In a randomized parallel-group dietary intervention study, 316 overweight and obese participants with a WG intake of ,30 g/d were recruited and randomly assigned to 1 of 3 groups: control (no dietary change), intervention 1 (60 g WG/d for 16 wk), or intervention 2 (60 g WG/d for 8 wk followed by 120 g WG/d for 8 wk). Fasting blood samples were collected at baseline, 8 wk, and 16 wk for the measurement of plasma lipids and ARs. Results: Plasma samples from 266 study completers were analyzed. Total plasma AR concentrations increased with the WG intervention and could be used to distinguish between control subjects and those who consumed 60 or 120 g WG, but not between those who consumed 60 and 120 g WG. Plasma AR concentrations were higher in men, were positively associated with plasma triglyceride concentrations, and were negatively associated with nonesterified fatty acids. Conclusions: Plasma AR concentrations were correlated with WG intake and could be used to distinguish between low-and high-WG consumers. Sex and plasma lipid concentrations independently influenced plasma AR concentrations, although plasma triglycerides may explain higher concentrations in men. This trial is registered as ISRCT no. 83078872.
INTRODUCTION

ARs
4 are phenolic lipids found in high concentrations in the bran fraction of wheat and rye, in low concentrations in barley, and in only minute quantities in the endosperm (white flour) fraction of these cereals (1, 2) . ARs are mainly consumed via products containing WG wheat or rye or bran from these cereals. Because they are absorbed and can be measured in plasma (3, 4) , they have been proposed as biomarkers of WG wheat and rye intakes (5, 6) . As biomarkers of WG wheat and rye intakes, they may be able to categorize subjects as low or high consumers of WG foods, particularly in epidemiologic studies (7) and as a biomarker of compliance with a WG diet in intervention studies (5, 8, 9) .
Small cross-sectional studies (n , 60) examining fasting plasma AR associations have found positive correlations between plasma AR concentrations and AR intake (5), WG wheat and rye intakes (10) (11) (12) , cereal fiber intake (13, 14) , and overall WG cereal intake (10) . One larger study found an association with WG wheat and rye intakes but used nonfasting samples (11) . This study showed that rye bread, cereal fiber, and total fiber intakes were associated with plasma AR concentrations in postmenopausal Danish women, but these dietary factors explained only 8-12% of the variation in AR concentrations observed (11) . Thus, there is a need to have a greater understanding of nondietary factors that may have an effect on plasma AR concentrations.
Most studies of plasma AR concentrations have been performed in Nordic populations that generally have a higher ryebased WG-intake than most other countries (15) . The UK population has previously been reported to have low population-level intakes of WG foods (16) (17) (18) , and most WG consumption is of products based on WG wheat rather than rye.
The WHOLEheart Study, a UK community-based WG intervention study (19) with both parallel intervention and repeated-measures components provided an opportunity to 1) evaluate plasma ARs as biomarkers in a long-term intervention study in subjects with a low habitual intake of WG with wheat as the main source of WG, and 2) evaluate potential determinants of fasting plasma AR concentrations.
SUBJECTS AND METHODS
Chemicals
Pentadecylresorcinol (15:0), heptadecylresorcinol (17:0), nonadecylresorcinol (19:0), eicosylresorcinol (20:0), heneicosylresorcinol (21:0), tricosylresorcinol (23:0), and pentacosylresorcinol (25:0) (all .95% purity by nuclear magnetic resonance) were purchased from Reseachem AG. The 20:0 AR was used as an internal standard because it is not found in nature. N-Methyl-N-trifluoroacetamide with 1% trimethylchlorosilane for derivatization was from Pierce Chemical Company. Oasis MAX solid phase extraction columns were from Waters SA. All solvents used were from Merck and were of chromatography grade.
Study design
The study design and primary results of the WHOLEheart Study were published elsewhere (19) . Briefly, 316 overweight but otherwise healthy volunteers with a low estimated WG intake (,30 g/d), as determined with an FFQ, were randomly assigned to 1 of 3 groups (control, intervention group 1, and intervention group 2). Intervention group 1 was instructed to incorporate three 20-g servings/d of WG foods (provided free to the subjects) in their normal diet for 16 wk. Intervention group 2 was given the same instructions, but asked to increase their WG intake from three to six 20-g servings/d between weeks 8 and 16. The control group was asked to maintain their normal diet throughout the 16 wk and was not informed that the study concerned WG foods. Subjects could choose freely from prepackaged WG foods listed in Table 1 
Analytic methods
AR in food samples used during the intervention were extracted by using hot 1-propanol (1) and analyzed by using HLPC with Coularray electrochemical detection (2) . The variation with replicate analyses was ,4%. Plasma ARs were analyzed after extraction and purification by mixed-mode, anionexchange, solid-phase extraction with gas chromatography-mass spectrometry (4, 20) with the addition of a deproteinization step with 0.5 mL 50% ethanol before extraction, because we found that this slightly improves AR peak areas. Concentrations of the individual AR homologs 17:0, 19:0, 21:0, 23:0, and 25:0 were quantified to determine the total plasma AR concentration. All samples were analyzed in duplicate and reanalyzed if the percentage difference between duplicates was .15%. Intra-and interbatch CVs for total ARs were ,15% and ,17% on the basis of reference plasma samples. Plasma total cholesterol, HDL cholesterol, triglycerides, NEFAs, glucose, insulin, and C-reactive protein were analyzed by automated enzymatic methods outlined by Brownlee et al (19) .
Determination of WG and alkylresorcinol intake
WG, total cereal, and WG wheat intakes were determined by a 149-question semiquantitative FFQ based on the Cambridge HNR-MRC (Human Nutrition Research unit of the Medical Research Council) version of the European Prospective Investigation into Cancer and Nutrition FFQ. Questions covered food intake over the past 7 d. The FFQ was adapted to include questions on WG foods provided in the study, and those available on the UK market (19) and validated against 4-d food diaries (21) . Data were converted into grams of WG per day by using the American Association of Cereal Chemists definition of WG (22) and previously published information on the WG content of foods available in the United Kingdom (16) . AR intake from foods or food groups containing WG or refined wheat or rye was estimated from analysis of the WG foods provided by using data available for specific foods (2) or estimates based on the average known flour content in each food or food group (15) .
Statistical analyses
Determinants of plasma AR concentrations were analyzed by using normalization for both concentration (nmol/L) and total lipids (nmol/mmol plasma lipids), because it was previously reported that, because ARs are transported in lipoproteins, correction for total lipids may remove some variation between subjects (23) . Because the data were skewed, log transformation was applied, and all estimates are reported as geometric means and their 95% CIs.
Differences due to the intervention were analyzed by using a linear mixed model with intervention and identified covariates for plasma AR concentration as fixed effects. An interaction between intervention and time was included in the model to assess the differences over the 3 time points. A random subject effect (intercept and slope) was included in the model. Sidák's adjustment for multiple comparisons was used to correct for the multiplicity of comparisons at the different time points.
Potential determinants of plasma AR were analyzed by using a linear mixed model with potential intervention and physiologic predictors of AR concentration as fixed effects. The model included subject number as a random effect.
Spearman's rank correlation coefficients were calculated for the associations between total plasma AR and total WG intake, WG wheat intake, total AR intake, age, BMI, and clinical chemistry measures (triglyceride, NEFA, glucose, insulin, C-reactive protein, and fasting plasma total, LDL-, and HDL-cholesterol concentrations). Partial Spearman's rank correlation coefficients were also calculated for plasma total ARs with total WG intake, WG wheat intake, and total AR intake with correction for sex, study center, and plasma triglycerides and NEFAs.
Data were also analyzed as quartiles of plasma AR concentrations. The percentages of agreement and misclassification were determined for these quartiles on the basis of the ability of plasma ARs to correctly predict quartiles of WG intake. Subjects placed in the opposite quartile were considered to be grossly misclassified. Cohen's weighted j statistic was used to determine the agreement between plasma ARs and self-reported WG intakes. Differences and associations were considered to be significant at P , 0.05.
Because repeated plasma and dietary intake measurements were made in this study, it was possible to determine both the ICC and the deattenuation factor. ICC is a measure of biomarker reproducibility under similar conditions, whereas a deattenuation factor can help improve observed correlation coefficients in cases in which there is known within-subject variation in a biomarker measurement or questionnaire response. The linear mixed model described above was used to estimate the variance components r 2 B (between-subject variance) and r 2 W (within-subject variance) for the determination of the ICC:
The deattenuation factor for WG intake and plasmas AR was determined by using the following formula:
where r true is the corrected correlation coefficient, r observed is the observed correlation coefficient, k is the within-to betweenindividual variance ratio, and k is the number of replicates per individual. SAS 9.2 (SAS Institute Inc) and NCSS for Windows 2007 were used for statistical analysis.
RESULTS
A total of 266 of the 316 subjects who started the study completed the study, and data from these subjects were used in the analyses reported here. Details for the subjects who dropped out were reported previously (19) . Complete dietary records were available for 252 subjects.
Of the foods provided for the intervention, those based primarily on WG wheat contained the highest concentration of ARs (Table 1) , although it was notable that there was variation between the AR concentrations in the WG wheat products and similar WG contents, which reflects the wide natural variation previously reported (1, 24) . Some products based on mixed WG contained low concentrations of ARs, whereas those containing predominantly oats or rice contained little or no ARs. Associations of plasma ARs were performed for total WG, WG wheat, and AR intakes (which accounts for the low concentrations of ARs in refined wheat products; 2).
Total WG, WG wheat, and AR intakes at baseline did not differ between groups (Table 2) , nor did plasma lipid or AR concentrations ( Table 3) . WG wheat accounted for most of the WG eaten: of those reporting eating WG, 65% (60%, 71%), 65% (61%, 68%), and 64% (60%, 68%) [geometric mean (95% CI)] of total WG intake was WG wheat at baseline, 8 wk, and 16 wk, respectively. Only 17 of 252 subjects who completed the study with complete dietary records reported eating WG, but no WG wheat. After 8 wk of the intervention, a significant difference in plasma total AR concentrations was observed between both interventions 1 and 2 (at 3 servings WG/d) and the control group (low-WG diet; P = 0.0073 compared with intervention 1; P = 0.002 compared with intervention 2) ( Table 4) . After 16 wk, subjects in both intervention groups 1 and 2 were different from those in the control group (P , 0.0001), and no difference was observed between the 2 different recommended WG intakes (P = 0.1103). The interaction between time and treatment was significant (P , 0.001). When the AR concentration was expressed as nmol/mmol total lipids, there were no differences from when results were expressed as nmol/L (data not shown).
The median plasma AR 17:0:21:0 ratio, which can distinguish between wheat and rye ARs (;0.1 for wheat and ;0.6 for rye) (23), was 0.066 (25th-75th percentiles: 0.033-0.068), which confirmed that WG rye was not commonly consumed by subjects during the study, as reported in the FFQ. As was found previously, an analysis of the individual homologs did not alter the outcomes; therefore, only the results for total ARs are reported.
Classification of subjects into the same or adjacent quartiles of WG intake ranged from 70% to 79% at 16 wk (Table 5) , with a gross misclassification rate (subjects in opposite quartile to that predicted) of 9% to 12.1%. Agreement as rated by Cohen's weighted j was 0.131 at baseline and 0.238 at 16 wk, which suggested that plasma ARs in this study were slight to fair at classifying subjects into the correct quartile of WG intake.
The ICC determined for plasma ARs in this study was 0.48, with women having a slightly higher ICC than men (0.47 compared with 0.43). The deatteunuation factor for WG intake and plasma ARs was 1.61.
Study center (Newcastle compared with Cambridge; P = 0.0056), sex (P = 0.0012), fasting plasma NEFAs (P = 0.0015), and triglycerides (P , 0.0001) were significant predictors of AR concentration ( Table 6 ). Notable estimated effect sizes included a 10-g increase in WG intake leading to a 6% increase in plasma AR, women having an average 23.3% lower plasma AR concentration, and a 100-lmol/L increase in NEFAs leading to a 3.8% decrease in plasma ARs.
Total WG, WG wheat, and total AR intakes were associated with plasma AR concentrations at all time points. The strongest correlations were found when there was the greatest range of WG intakes (ie, week 16) ( Table 7) . In general, associations for plasma AR concentrations with WG wheat intake only, or AR intake, were stronger than for total WG intake. Correction for the correlations for identified covariates (partial Spearman's rank correlation coefficient) only increased correlation coefficients in male subjects. Application of the deattenuation factor increased the correlation between WG intake and plasma ARs for all subjects to 0.56.
DISCUSSION
This is the first time that the response of plasma AR concentration to a WG intervention has been investigated in a population of .60 subjects and the first time in a large-scale intervention in a population not eating a high amount of rye. In this study, plasma AR concentrations increased compared with control subjects with 3 servings WG/d (60 g/d) after 8 wk, although no further significant increase was observed from 3 to 6 servings WG/d (120 g/d) after another 8 wk of the intervention. The lack of a significant increase in plasma ARs for 3 compared with 6 servings WG/d may have been due to an increase in the intake of nonwheat-based foods (eg, oats or rice) to reach the target of 6 servings/d. Despite the considerable inter-and intraindividual difference in the response of plasma ARs to the intervention, it is clear that they do respond to a WG intervention in a free-living setting. All WG-based intervention studies that have reported plasma AR concentrations have found similar results, ie, whereas mean AR concentrations increased, there was considerable interpersonal variation for the response to an increase in intake of ARs (6, 23, (25) (26) (27) ) and overlap between different individuals on either a high-or low-WG diet because of interindividual variation (6) . Because subjects in the control group were not told to avoid WG foods, and the criterion for inclusion was a WG intake ,31 g /d, some control subjects did report eating more WG food during the study, because they All values are geometric means (95% CIs) based on estimations from food-frequency questionnaires. Differences in intake between groups were determined by using ANOVA on log-transformed data. Intervention 1 subjects were requested to eat three 20-g servings WG/d for 16 wk, and Intervention 2 subjects were requested to eat three 20-g servings WG/d for 8 wk and six 20-g servings WG for the following 8 wk. Control subjects maintained their normal diet. AR, alkylresorcinol; WG, whole grain.
2
Significantly different from the control group at the same time point, P , 0.001.
3
Significantly different from Intervention 1 at the same time point, P , 0.001.
were not told to avoid this. Mean AR concentrations were relatively high compared with those who reported low-or WG-free diets in previous studies (28) . The reproducibility (based on the ICC) of AR measurements in this study was similar to that found in other studies in free-living subjects (12, 29) for fasting plasma samples taken 2-4 mo apart. As in a previous Swedish study, no sex difference in the ICC was found; however, German women were found to have a much higher ICC than German men (0.55 compared with 0.17) (29) .
When subjects were grouped into quartiles on the basis of plasma AR concentrations, they were moderately successful at correctly classifying subjects into quartiles of WG intake, and this was best at the greatest range of AR concentrations (after 16 wk). The relatively high percentage of gross misclassification (9-12.1%) suggests that a single measurement of plasma ARs is less robust for estimating an individual's self-reported WG intake under relatively free-living conditions. What proportion of this classification error is due to variation in individual plasma AR responses and what proportion is due to measurement error of WG intake remains to be established.
The predictors of plasma AR concentrations determined in this study were WG intake (including WG wheat and AR intakes), sex, study center, and plasma NEFAs and triglycerides. Mean plasma AR concentrations were higher in men than in women, similar to recent studies on plasma AR concentrations in free-living German and Swedish adults (12, 29) . Adjustment of differences in AR concentrations for total WG intake did not change the result for sex, which suggests that this difference is not related to a greater overall intake of AR. Sex differences have been found for c-tocopherol metabolism, with females having an apparently faster metabolism of this E vitamer (30) , and because ARs are proposed to be metabolized in a manner similar to that of c-tocopherol (31), it is possible that similar mechanisms are at play. No studies have looked at sex differences for the AR metabolites 3,5-dihydroxybenzoic acid and 3,5-dihydroxyphenylpropianoic acid (32) . Despite the significantly larger increase in plasma AR concentrations of men in response to the WG intervention, this did not have a large effect on the overall results for intervention effects or correlations, with similar results being found for both sexes. Differences in fat distribution may also explain some of the sex differences as discussed below. An association with plasma lipids was expected, because plasma ARs are transported in lipoproteins (23) . The lipid fractions measured were associated only with plasma triglycerides and not with lipoproteins, which suggested that factors that would influence transient increases in plasma triglycerides (eg, time since last meal) may be important for the repeatability of plasma AR measurements (11) . Plasma AR were negatively associated with plasma NEFAsa finding that is interesting in the context of recent in vitro work that suggests that high concentrations of AR may inhibit hormone-sensitive lipase (33) , which mobilizes free fatty acids from adipose tissue. The results may also be due to differences in fasting time (greater NEFA release during fasting coinciding with lower circulating concentrations of AR). More work is needed to understand whether ARs play a role in inhibiting lipid mobilization in vivo. 1 All values are geometric means (95% CIs). Differences due to group and time were assessed by using a linear mixed model including sex, study center, and plasma triglycerides and nonesterified fatty acids as fixed effects and subject as a random factor. Intervention 1 subjects were requested to eat three 20-g servings of WG/d for 16 wk, and Intervention 2 subjects were requested to eat three 20-g servings of WG/d for 8 wk and six 20-g servings of WG for the following 8 wk. Control subjects maintained their normal diet. There was a significant interaction between time and treatment, P , 0.0001. WG, whole grain.
2-4 Significantly different from control: 1 Intervention 2 subjects were requested to eat three 20-g servings of WG/d for 8 wk and six 20-g servings of WG for the following 8 wk. Control subjects maintained their normal diet. No significant differences were observed between groups at baseline (linear mixed model using log-transformed data). NEFAs, nonesterified fatty acids; WG, whole grain.
2 Used in participant randomization. Correlations for total WG, WG wheat, and AR intakes were in the range of those found previously ( Table 8 ). The type of dietary assessment method and range of intervention appear to be key predictors of the correlation, with weighed food diaries or specific WG FFQs appearing to lead to higher raw correlations (r . 0.5), whereas diet records and general dietary FFQs tend to lead to significant but lower correlations (r = 0.25-0.43) ( Table  8 ). Deattenuated correlation coefficients for WG intake were similar to those found with the use of weighed food diaries to estimate WG intake. Even with low intakes of WG (,30 g WG/d) at baseline, moderate associations were found between WG wheat and AR intakes and plasma AR concentrations, which indicates that they are still associated with WG intakes at low levels of consumption. Correlation coefficients differed between the sexes, especially for AR intake. This may be due to differences in dietary reporting between the sexes or may be linked to the difference in correlations between plasma ARs and plasma triglycerides. Correction for the identified covariates had little effect on the observed correlations for women, but did lead to substantial improvements in the correlations observed for men. The difference in plasma triglyceride concentrations may explain this improvement, because male subjects had higher mean plasma triglycerides at all time points, and plasma ARs were only correlated with plasma triglycerides in male subjects. Plasma triglycerides are known to be influenced by fat distribution, including visceral fat deposits (34, 35) , and these differences may explain variation in plasma ARs, even if BMI was not found to be associated with plasma As in this study. The presence of AR in reasonable quantities in adipose tissue could support this idea, although this has only been measured in female subjects thus far (36) . The apparent sex difference observed in this study may explain why correction for plasma lipids has not improved correlations in past studies in largely female subjects (6, 11) , and future studies should consider correcting for plasma triglyceride concentrations in males.
The subjects in this study were noted to have added WG to their normal diets, rather than to have replaced refined carbohydrates in their diets as requested (19, 37) , and were all overweight or obese [BMI (in kg/m 2 ) . 25; a population known to have problems with diet reporting; 38], which suggests that variations in both biomarker response and self-reported WG intake contribute to the overall wide variation in plasma ARs observed. However, because the use of plasma AR concentrations as nonsubjective markers of WG wheat and rye intakes (and potentially total WG intake) is mainly targeted for use in epidemiologic settings (5, 11, 29) , errors in dietary reporting are expected. Because the United Kingdom generally has a low consumption of WG (18) , the finding that plasma AR concentrations reflect both WG wheat and total WG intake in a population of low-WG consumers is an important complement to those studies based in the Nordic countries, where WG intake is generally higher and more often based on rye (15) .
In an analysis from a large intervention study with WG, the plasma AR concentration was found to correlate with WG intakeboth before and during the intervention. The phenotypic determinants of plasma AR identified were sex and plasma triglyceride and NEFA concentrations. Adjustment for these factors had no effect on the performance of plasma ARs for differentiating between different WG intakes, although the link between plasma triglycerides and plasma ARs in men warrants further investigation. Overall, the results from this study support the idea that plasma AR concentrations can function as biomarkers of WG intake.
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Correlations of plasma AR concentrations with different measurements of WG intake from previously published studies and this study 
